Solvent effects on the nuclear shielding and indirect spin-spin coupling constants of H 2 Se have been calculated by modeling the surroundings as a continuous dielectric medium. Gauge-origin independence of the nuclear shieldings is ensured by using London atomic orbitals in combination with linear response theory. We present the linear response function of a solvated molecule subject to triplet perturbations and use a new implementation of this theory to evaluate the Fermi-contact and spin-dipole contributions to the indirect spin-spin coupling constants. We present high-level calculations of the nuclear shielding and indirect spin-spin coupling constants of H 2 Se in vacuum and different solvents. Our results represent the first ab initio calculations of the spin-spin coupling constants in H 2 Se as well as the first investigation of medium effects on these properties. It is demonstrated that the solvent shifts of the spin-spin couplings are caused by a polarization of the molecular electronic structure as well as by changes in the geometry upon solvation.
I. INTRODUCTION
The NMR spectrum of a molecule is a sensitive probe of its molecular and electronic structure and constitutes one of the best experimental sources of information about the interaction of a solvated molecule with the surrounding molecular environment. An excellent example of the sensitivity of the nuclear shielding on the molecular environment is provided by the hydrogen selenide molecule, for which the shift in the selenium shielding is 7 ppm upon deuteration 1 and for which a gas-to-liquid shift of more than 100 ppm has been observed. 2, 3 Selenium compounds are important in organic chemistry and biochemistry. [4] [5] [6] [7] Owing to the rather high natural abundance of the spin-1/2 isotope 77 Se, it is readily observable with modern NMR techniques. 8, 9 Furthermore, selenium has been successfully used as a surrogate probe for sulfur and oxygen in biological systems. 3 The nuclear shielding of selenium in H 2 Se has been investigated both experimentally 1,2, [10] [11] [12] [13] [14] and theoretically. 3, [15] [16] [17] [18] [19] [20] [21] The theoretical investigations have been concerned mainly with reproducing the 77 Se chemical shifts in the gas phase rather than with calculating the absolute shieldings or gas-to-liquid shifts. Basis-set and electron-correlation effects have therefore been the main consideration in these works. The reason for calculating gas-phase shifts is that the experimental absolute shielding scale for selenium has not been determined accurately. Absolute shielding scales are often determined by using experimental data for the paramagnetic contribution to the shielding, obtainable from spinrotation constant measurements in microwave spectroscopy, and adding a theoretically determined diamagnetic part. However, the relativistic effect on the diamagnetic contribution to selenium is expected to be several hundred ppm, 22 making it difficult to arrive at a reliable theoretical estimate for this contribution.
During the last decade, there has been rapid progress in the ab initio calculation of nuclear shieldings ͑see Ref. 23͒ , mainly due to efficient implementations of local gauge-origin methods using response theory [24] [25] [26] and the development of methods that include electron correlation. [25] [26] [27] [28] Indirect spinspin couplings can also be efficiently calculated within the framework of response theory. 29 Still, despite the recent progress in the development of theoretical methods for the calculation of these properties, the direct comparison with experiment remains difficult because of the large zero-point vibrational and temperature effects and because the molecular structure is perturbed by neighboring solvent molecules. Recently, solvent effects on nuclear shieldings have been calculated both by considering the surroundings as a continuous dielectric medium 30, 31 and by studying clusters 30, [32] [33] [34] ͑in the latter case, also by embedding the cluster in a dielectric medium 35 ͒. However, both approaches represent rather crude approximations to the true interactions in the solvent and the results must be interpreted with care. The dielectric-medium model, for example, cannot take into account hydrogen bonding of the solute without explicitly adding the neighboring molecules. Likewise, there are difficulties associated with the cluster model as well. First, the basis-set superposition errors ͑BSSEs͒ may be large, as has been demonstrated for the shielding of the water dimer ͑see Ref. 36͒. Second, although the geometry of the cluster is important, a full optimization of the cluster geometry may be difficult because of the couplings between low-frequent ͑intermolecular͒ and high-frequent ͑intramolecular͒ motions. These problems are particularly troublesome since, because of the size of the clusters, only simple calculations ͑using small basis sets and noncorrelated models͒ may usually be carried out.
In this work, we investigate the gas-to-liquid shift of H 2 Se using our recently developed MOSCF method for calculating nuclear shieldings and magnetizabilities using London atomic orbitals to ensure gauge-origin independent magnetic properties. 31 In addition, we present the theoretical framework needed for evaluating the solvent effects on a molecular property in the presence of triplet perturbation operators. In our model. the molecule is placed in a spherical cavity embedded in a homogeneous, isotropic, and linear dielectric medium. We compare our calculated shielding and spin-spin coupling constants of the solute with results obtained at the same level of theory for the gas-phase molecule.
The calculations presented here are not only the first ab initio calculations of the nuclear spin-spin couplings in H 2 Se, but since the spin-spin couplings of H 2 Se have been measured in only one solvent, [11] [12] [13] this work is the first attempt, both theoretically and experimentally, at investigating the solvent dependence of the spin-spin couplings in this molecule.
Broadly speaking, the response of a molecule to a dielectric medium is twofold: the electronic charge distribution is polarized and the geometry is altered. It should be noted, however, that a surrounding medium also affects the nuclear shielding in other ways and the total solvent effects are normally partitioned as
where b is proportional to the magnetic susceptibility, a arises from the anisotropy of the magnetizabiltity of the neighboring molecules, w is due to van der Waals interactions, and E is due to electrostatic interactions. In the present investigation, we restrict ourselves to modeling E with a dielectric medium. If we were to ascertain how close we are to experimentally observed solvent shifts, we would need to estimate the three other terms b ; a , and w in Eq. ͑1͒ as well. This would require a knowledge of the structure of the first solvation shell and dispersion interactions, which is beyond the scope of the present investigation. Also, we shall in this work assume that the relativistic effects on the selenium gas-to-liquid shift are small. The bulk of this paper is organized as follows: We begin with a section describing the theoretical framework for calculating dielectric medium effects on a molecule perturbed by triplet operators. We then describe our investigations of basis-set and orbital-space requirements for an accurate description of the nuclear shieldings, the spin-spin coupling constants, and the structure of the H 2 Se molecule. We then go on to consider the gas-phase properties of H 2 Se comparing in particular our results with those of previous theoretical investigations. Finally, we discuss our results for H 2 Se in the dielectric medium.
II. SPIN-SPIN COUPLINGS OF SOLVATED MOLECULES
The isotropic indirect spin-spin coupling J consists of four different contributions 38 JϭJ DSO ϩJ PSO ϩJ FC ϩJ SD , ͑2͒
where J DSO is the diamagnetic and J PSO the paramagnetic spin-orbit contributions, respectively. J FC is the Fermicontact, and J SD the spin-dipole contributions. All these contributions have previously been implemented for MCSCF wave functions of molecules in the gas phase by Vahtras et al.
29
The diamagnetic spin-orbit term is an expectation value of the operator
͑3͒
using the unperturbed electron density, and it can therefore be straightforwardly evaluated following Ref. 39 using the optimized electron density of the molecule in the dielectric medium. In Eq. ͑3͒ we have introduced the symbols e and m e for the electronic charge and mass, respectively, 0 is the vacuum permeability, and ␥ N and I N are the magnetogyric ratio and nuclear spin of nucleus N. The remaining three contributions to the spin-spin coupling constants can be calculated using linear response theory 40 
J

͑7͒
where the Bohr magneton is denoted by B . The electronic spin of electron n is given by s a and the orbital angular momentum of electron n with respect to nuclens N is given by
where p n is the momentum of electron n. In the solvent model we use in this work, the solvated molecule is contained in a spherical cavity, embedded in a dielectric medium. The charge distribution of the solute induces polarization moments in the dielectric medium, the induced polarization moments being described by the polarization vector relation
where P tot is the total polarization vector; P in is the inertial polarization vector related to the static dielectric constant (⑀ st ); and P op is the optical polarization vector which is related to the optical dielectric constants (⑀ op ).
On the time scale relevant for NMR experiments, we may consider all degrees of freedom of the solvent to be able to relax and equilibrate with respect to the charge distribution of the solute. Therefore we only use the static dielectric constant to describe the polarization of the surrounding medium. This leads to the following energy expression for the solvated system in the presence of the external magnetic field
where E vac is the vacuum energy and E sol is the dielectric polarization energy given by
The response of the dielectric medium can in the case of a spherical cavity be written
where the factor g l (⑀ st ) is
In deriving these equations we have performed a multipole expansion of the solutes charge distribution, denoting the charge moments by ͗T lm ()͘. These charge moments are expressed as expectation values of the nuclear (T lm n ) and electronic (T lm e ) solvent operators
T lm e ϭt lm ͑r͒ϭ ͚ rs t rs lm E rs , ͑15͒
where Z b (R b ) is the nuclear charge ͑position vector͒ of nucleus b. The subscripts r and s represent the orbitals r and s and the excitation operator E rs is
where we sum over the spin quantum number . The creation and annihilation operators for an electron in spinorbital r are denoted a r † and a r . The functions t lm (Rg) and t rs lm are defined through the conventional spherical harmonics, S l , where is a positive integer 41, 42 
Following Ref. 42 , we assume that our system is described by a multiconfiguration self-consistent reaction-field ͑MC-SCRF͒ wave function and that it satisfies the generalized Brillouin theorem
where the Hamiltonian H 0 is the usual Hamiltonian for a many-electron system in vacuum. W sol is the solvent contribution which can be written as 43, 44 W sol ϭ2 ͚ 
͑20͒
We let the MCSCRF state be parametrized as
where ͉⌽ g ͘ is a set of configuration state functions ͑CSFs͒ and where the CSF is a linear combination of Slater determinants
We have in the above equations also introduced
where ͉n͘ denotes the orthogonal complement space to ͉O͘ spanned by ͉⌽ g ͘. The evolution of the reference state is determined by requiring that Ehrenfest's theorem be satisfied through each order in the interaction operator:
where
where V pert (l) is the external perturbation and T t is given in Eq. ͑30͒. The molecular system relaxes as a result of the external perturbation and the state may be parametrized as 40 
͉O
where e ik(t) describes a unitary transformation in orbital space
and e iS(t) a unitary transformation in configuration space
͑29͒
The parameters k (t), k Ј(t), S n (t), and S n Ј(t) determine the time evolution of the wave function. We use the following set of operators to describe how the solvated system evolves
and these operators are collected in a row vector. The orbital operators are given as
and
where the top symbol or sign refers to the singlet case and the bottom to the triplet case. A general vector in this basis is written as a column vector
Thus N, may refer to an orbital rolation parameter or a configuration parameter.
As shown in Ref. 45 , the triplet linear response function for a MCSCRF state has the same structure as the vacuum linear response function, the only change being that additional terms are added to the Hessian-type matrix E ͓2͔ . When solving linear response eigenvalue or linear equations using iterative techniques, linear transformations with the Hessiantype matrix on trial vectors E ͓2͔ N are required. The linear transformed vectors then contain in addition to the vacuum contributions also contributions originating from the solvent. These contributions are for the q j components given by
for R j by
and finally R j † is described by
where we have indicated the triplet operators with the superscript minus. The effective operators are defined as With the presented formalism we have developed a method for obtaining molecular properties involving triplet electronic properties. Previously, the solvent response methodology has only been presented for molecular properties involving singlet electronic properties and triplet excitation energies.
III. COMPUTATIONAL DETAILS
In this work, we employ the atomic natural orbital ͑ANO͒ basis sets by Pierloot et al., 46 which for molecular magnetic properties have shown to give excellent results. [47] [48] [49] [50] We denote the contractions of the primitive ANO basis by, for example, ANO͓5s4 p3d/2s1p͔, where 5s4 p3d is the contraction of the (17s15p9d) primitive selenium set and 2s1p the contraction of the (7s3p) primitive hydrogen set. The primitive ͑decontracted͒ set is referred to simply as ANO. The various extensions to the primitive ANO set are denoted by, for instance, ANOϩSe: 1 f , indicating that the selenium basis has been extended with one f function. In the restricted active space SCF ͑RASSCF͒ approach, 51, 52 the molecular orbitals are partitioned into five different spaces:
͑1͒ The inactive space. This space contains all orbitals that are doubly occupied in all configurations. In this space, we include the 1s -3d orbitals on selenium.
͑2͒ The RAS1 space. From this space, only a restricted number of electrons are allowed to be excited in any configuration. In this work, we do not use the RAS1 space.
͑3͒ The RAS2/active space. A full Cl optimization is carried out in the space spanned by the orbitals of the RAS2/ active space.
͑4͒ The RAS3 space. This space consists of orbitals into which a restricted number of electrons is allowed to be excited. In all our calculations, the maximum number of electrons allowed to be excited into the RAS3 space is two.
͑5͒ The virtual space. This space contains the orbitals that are unoccupied in all configurations.
In the following, we denote our wave functions by inactive CAS active and RAS1 inactive RAS RAS3
RAS2
, where the superscripts and subscripts give the numbers of orbitals in each space. For each space, four numbers are given, corresponding to the number of orbitals in each irreducible representation.
The experimental gas-phase geometry has been taken from Ref. 53 , where r SeH ϭ1.460 Å and Є HSeH ϭ90.9°. For the geometry optimization of the gas-phase molecule and for the molecule in the dielectric medium, we have used the second-order methods described in Refs. 54 and 55. In the study of the solvated molecule, we have optimized the geometries and calculated the shielding and spin-spin coupling constants for the following dielectric constants: ϭ2.209 ͑1,4-dioxane͒, ϭ6.02 ͑ethyl acetate͒, ϭ13.3 ͑l-hexanol͒, ϭ32.63 ͑methanol͒, and ϭ78.54 ͑water͒. In all these calculations, the cavity radins has been kept fixed at 4.9 bohrs, corresponding to the distance from the center of mass of the molocule to the hydrogen plus the van-der-Waals radius of the hydrogen atom ͑1.1 Å͒.
IV. BASIS SET AND CORRELATION EFFECTS
The Hartree-Fock ͑HF͒ results are presented in Table I for the nuclear shieldings and for the total spin-spin couplings, and in Table II for the individual contributions to the spin-spin coupling constants. The basis-set convergence of the Fermi-contact ͑FC͒ term has been investigated in more detail by adding s functions with larger exponents to improve the description of the charge distribution at the nuclei, see Table III. For the selenium shielding, we note a difference between the contracted and primitive ANO basis sets of more than 60 ppm ͑see Table I͒ . The addition of diffuse functions give a change in the shielding of only a few ppm, the largest change coming from the diffuse f functions. In contrast, the proton shielding varies only with a few tenths of a ppm among the basis sets investigated. As for the selenium shielding, the most important shift in the hydrogen shielding comes from the addition of diffuse f functions to the selenium basis.
For the selenium-proton spin-spin coupling 1 J SeH , large contraction errors are found for the contracted basis sets. This is to be expected since contraction reduces the flexibility of the core orbitals as observed in a recent systematic investigation of basis-set requirements for calculations of spin-spin coupling constants. 56 The additional f functions give substantial contributions to the FC terms ͑see Table II͒ , the remaining diffuse functions producing negligible effects. From Table III , we also note that, for the FC terms, the s functions added to the primitive set lead to large changes. The dipole moment and harmonic frequencies display reasonable results for all basis sets except for the smallest contraction ͑Table IV͒. To assess the importance of electron correlation, we have investigated the convergence of the properties with respect to various extensions of the MCSCF orbital spaces using the ANO͓6s5p4d/3s2 p͔ basis set, see Table V . The selenium shielding has converged to within a few ppm for the largest RAS spaces and the proton shielding to within 0.01 ppm. The spin-spin couplings display a pronounced correlation dependence but, as seen in Table VI , we need only consider the FC term beyond the smallest RAS spaces.
The electron-correlation dependence of the FC terms has been further investigated with a larger ANO basis set, see Table VII . The uncontracted selenium basis was extended with an f function and a tight s function, and the hydrogen basis with one diffuse s function and two core s functions. This basis will be denoted ANO-fc. We note that the convergence is somewhat slow. As shown in Table VIII , correlation effects on the dipole moment and harmonic frequencies are also substantial.
Because of the difference in cost of the various properties, and in particular the cost of the different contributions to the spin-spin coupling constants with regard to their overall importance, we have, based on our basis-set and orbitalspace investigations, adopted the following wave functions for the remaining calculations: For the geometry optimziations we use the 
V. GAS-PHASE PROPERTIES
The optimized gas-phase geometry is in excellent agreement with the experimental geometry, 53 the optimized bond distance being 1.474 Å and the bond angle 90.0°. Somewhat surprisingly, therefore, the difference between the selenium shielding calculated using the experimental and the optimized gas-phase geometrics is substantial. As seen from Table IX, the calculated value for the experimental geometry is 2280 ppm as opposed to 2198 ppm at the optimized geometry, a difference of 82 ppm. Considering the individual tensor components of the selenium shielding ͑defined relative to the isotropic shielding͒ in Table IX , the geometry shifts are smaller, but still substantial. The largest effect is noted for the component along the dipole axis (aa), which changes by about 30 ppm. Consequently, also the anisotropy of the selenium shielding is sensitive to the molecular geometry.
In Table IX , our results for the selenium shielding are compared with other theoretical results. Our best result is 15 ppm lower than the singles and doubles coupled-cluster ͑CCSD͒ result of Bühl, Gauss, and Stanton, 19 which we consider to be the most accurate of the previous calculations. The differences with the other calculations are substantially larger. We note, however, that a direct comparison is made difficult by the use of different geometries in the different calculations. In view of the strong geometry dependence observed for the shielding, these geometrical effects may be as important as the correlation effects for the shielding. The agreement with the experimentally determined shielding components 2 is far from satisfactory. However, since the ex- periment has been carried out in the solid state, the difference in geometries in the gas and solid phases may account for most of this discrepancy.
The optimized geometry gives a proton shielding 0.5 ppm lower than the shielding calculated for the experimental gas-phase geometry. This is a relatively large shift for a proton, indicating that, for this system, the proton shift is sensitive to the molecular geometry. As demonstrated in several investigations, [57] [58] [59] the indirect spin-spin couplings are very sensitive to changes in the molecular geometry. This is true also for the spin-spin couplings in hydrogen selenide, where, for the 1 J SeH coupling, we obtain 113.6 Hz at the experimental geometry and 106.3 Hz at the optimized geometry. Not surprisingly, the largest contribution to the geometry dependence comes from the FC term, which changes by 9 Hz upon geometry optimization. The PSO and SD terms also change quite substantially upon optimization, each by about 1 Hz.
For the 2 J HH indirect spin-spin coupling, the gas-phase geometry gives a coupling constant of Ϫ15.8 Hz and the optimized geometry a coupling of Ϫ16.5 Hz. As for 1 J SeH , the FC term gives the largest contribution to this shift ͑1 Hz͒, although, for this coupling, the DSO term also shows a quite substantial shift ͑of about 0.3 Hz͒. In contrast, the PSO and SD terms hardly change upon optimization of the geometry.
VI. SOLVENT EFFECTS
The optimized structures obtained for the different dielectric constants are collected in Table X . The bond distance becomes slightly shorter when the molecule is put in a dielectric medium but increases with increasing dielectric constant. All the effects are, however, within 0.002 Å. The bond angle increases by 1.8°when the molecule is placed in a dielectric medium and increases by an additional 0.3°for the dielectric constant of water. The major effect of the dielectric medium on the structure of H 2 Se is thus to increase the bond angle.
In the Onsager model ͑dipole approximation͒, it is expected that the bond distance increases and the bond angle decreases when H 2 Se is solvated, in order for the molecule to increase its dipole moment. It is therefore interesting to note that, for H 2 Se, the higher-order charge moments dominate and counteract the effects of the dipole moment as observed previously. 31 In Fig. 1 , where we have plotted the changes in the nuclear shielding of selenium relative to the gas-phase value for the various dielectric constants, we see that the solvent shift of the selenium shielding is about 40 ppm and in the same direction as observed in experiment. 2, 3 However, a direct comparison with experiment is difficult since the temperature and pressure dependences are strong for the selenium shift. 2 In the case of H 2 Se, liquid H 2 Se is shifted with 127 ppm in comparison to gaseous H 2 Se at 5 atm and 293 K. 2 The tensor components ͑relative to the isotropie shielding͒ also change substantially when the molecule is embedded in a dielectric medium. The component along the dipole axis (aa) increases by about 60 ppm, whereas the other inplane component (bb) decreases by about 10 ppm and the out-of-plane component decreases by about 50 ppm. The aa component of the shielding thus shows good agreement with experiment ͓Ϫ259 ppm compared with the experimental value of Ϫ240.7 ppm ͑Ref. 2͔͒, whereas the other two com- ponents shift away from the experiment when a dielectric medium is added, the difference from experiment being more than 100 ppm.
It is important to realize that the experimental tensor components are obtained in solid-state investigations. The solid state gives rise to directional crystal fields, which are very different from the polarization fields arising from the induced charge moments in the dielectric medium. Therefore we do not expect to obtain the same solvent shifts as those reported from the solid-state investigations; a better agreement should be obtained using methods designed to model the solid state 60 and intermolecular interactions. 
SeH
, we compare the FC term calculated for the optimized gas-phase geometry with the same constant for a geometry optimized in the dielectric continuum, see Fig. 6 . The geometrical changes that occur upon solvation of the molecule change the sign of the predicted solvent shift of the coupling constant. Clearly, the subtle changes in the geometry govern the solvent shifts, which are therefore hard to model more accurately. 2 J HH has been measured for SeHD in 30% CH 2 Cl 2 at Ϫ56°C to Ϫ13.5 Ϯ0.3 Hz. 12 We obtain a gas-phase value of Ϫ16.5 Hz and the solvent effect is ϳ1.1 Hz, in reasonable agreement with experiment. In particular, our solvent shift improves the agreement with experiment.
VII. CONCLUDING REMARKS
We have presented a method for calculating the indirect nuclear spin-spin coupling constants of a molecule embedded in a dielectric medium. The implementation has been used to calculate the dielectric effects on the nuclear shieldings and spin-spin couplings of dihydrogen selenide. Care has been taken to ensure that the calculated properties are converged with respect to the basis set and correlation treatment. It has been demonstrated that the influence of a dielectric medium may be substantial both on the nuclear shieldings and on the spin-spin couplings. It has been shown that an induced solvent shift on the spin-spin coupling constants may either be dominated by a polarization of the electronic charge distribution upon solvation, or by the geometry changes induced by solvation.
Although we have compared our results with experiment, such comparisons are difficult owing to the large temperature dependence of, for instance, the selenium shielding constant and that the experiments have been carried out in the solid state. However, our results confirm experimental findings ͑where these are available͒. For the spin-spin couplings, the introduction of a dielectric medium improves the agreement with experiment for the 2 
